INTRODUCTION
The progressive expansion of human lifespan, with billions of people in the global community reaching higher and higher ages, has given rise to one of the greatest social challenges. In essentially every society, an increasing proportion of individuals older than 65 years of age has led to a rising interest in the health status of the elderly, the diseases that eventually result in death and the cost burden imposed by the care for those with failing health [1] [2] [3] [4] . In most societies, progressive age is associated with the development of cancers, cardiovascular disease, metabolic disorders, and neurodegenerative ailments. One of the common denominators of agerelated morbidities is the process of immunosenescence. The aging of the immune system impairs protective immunity against malignant cells and pathogens, but paradoxically increases the risk for autoimmunity and goes hand-in-hand with a state of smoldering chronic inflammation [5,6 & ] . A causal relationship between deteriorating immunity and the risk to succumb to uncontrolled cellular malignancy or infection is relatively easy to envisage. More challenging is the conceptual and mechanistic understanding of how autoimmune disease, chronic inflammatory disease, tissue-degenerative disease and the immune aging process are related.
Like most biological processes, immune aging is a multifactorial cascade of events that affects the innate and adaptive arms of the immune system itself as well as the tissue environment in which immune responses occur. Different types of immune cells display differential susceptibility to aging. The long lifespan of adaptive immune cells makes them more susceptible to the impact of aging, and T cells are particularly affected as the production of new T cells dwindles with the involution of the thymus that begins relatively early in life.
Over the last decade, evidence has accumulated that the immune aging process is accelerated in patients with rheumatoid arthritis (RA) [7] [8] [9] . RA patients share this feature with patients infected with HIV, although different mechanisms may underlie the faster progression of the immune aging process in the two conditions [10,11,12 & ]. Mechanistic insights as to how T cells age in healthy individuals as they progress through the second half of life have provided the opportunity to quantify immune aging and to begin to develop the modes of interfering with what used to be considered an inevitable decline in cellular health and lifespan. This review will bring together the recent information on how T cells age, how T-cell aging is accelerated in patients with RA and which mechanistic pathways are beginning to be understood as potential targets in efforts to counteract the immune aging process.
T-CELL AGING: MECHANISMS AND CONSEQUENCES
T cells safeguard the host through their ability to recognize foreign antigen with utmost specificity, memorize this encounter and orchestrate a complex immune response that eliminates the offender while minimizing collateral damage. Three determinants make T cells explicitly susceptible to aging: enormous proliferative stress, as they have to clonally expand massively with antigen exposure; long lifespan as the carriers of immune memory; and dependence on thymic intactness for repopulation. As somatic cells, T cells have only a limited number of cell cycles they can go through. In contrast to most other somatic cells, they have the ability to reactivate telomerase, elongate telomeres and thus lengthen their lifespan [13] . This mechanism of telomerase upregulation is defective in patients with RA, shortening the longevity of T cells [14] .
T cells have a complex life cycle which begins in the thymus and leads them into the periphery, where they are mostly in a resting state. Stimulation initiates an activation and differentiation process that results in the loss of naivety, acquisition of memory features and differentiation into effector cells. As a general rule, the frequency of naive T cells declines with progressive age and the frequency of memory populations increases (see list below) [15] . CD4 T cells tend to age slower than their CD8 counterparts; the reason for this divergent behavior is not understood [16] . The following life events have been implicated in inducing T-cell aging: acute and chronic infections, especially with herpes viruses, for example, cytomegalovirus (CMV); cellular attrition and insufficient replacement of naive cells; the need to replicate peripheral T cells for replenishment, eventually imposing proliferative stress on naive T cells and partially differentiating them; and successive loss of tissue niches, in which T cells are protected from stimulation. It is important to understand that the impact of these life experiences may be fundamentally different in humans and mice, and that murine model systems have only partial applicability to human conditions. Comparative studies of inducible gene-expression profiles in human and mouse cells have led to the recognition of noteworthy species differences, with most of the age-associated changes found in human CD4 T cells not reproduced in murine cells [17] . The human response pattern included a defect in the sustained inducibility of NF-kB target genes in the elderly, suggesting a defect in mounting inflammatory responses. However, this defect was combined with persistent upregulation of a subset of NF-kB target genes, including IL-1 and IL-6, even in the absence of NF-kB triggering. Fundamental differences between mice and men have also been described for pathogenic immune responses [18] . The emerging paradigm proposes that age-related immune dysregulation relies on multiple, but subtle, changes that in aggregate mediate major functional consequences. Markers of T-cell aging are as follows:
(1) Shrinking naive and expanding memory compartment. (2) Shortening of telomeres.
(3) Loss of CD28 expression.
KEY POINTS
After the age of 50 years, the immune system undergoes dramatic changes, loses protective abilities and gains proinflammatory functions. Immunosenescence is accelerated in patients with rheumatoid arthritis. Senescent T cells are functionally altered. Their signaling machinery is rewired. Senescent cells acquire the 'senescence-associated secretory phenotype' (SASP). SASP proteins, often cytokines, induce tissue inflammation.
It remains unknown whether chronic inflammation can accelerate immune aging. Vice versa, immune aging is strongly associated with chronic smoldering inflammation and tissue damage.
Molecular mechanisms associated with T-cell aging in rheumatoid arthritis include leakiness of DNA repair and inefficiency of telomeric maintenance and repair.
(4) Excessive production of cytokines (senescenceassociated phenotype proteins). (5) Gain of cytotoxicity. (6) Altered tissue trafficking. (7) Expression of KLRG1, ILT-2 and KIR family members.
A hallmark of immune aging is the accumulation of end-differentiated effector T cells which typically lack expression of the costimulatory receptor CD28 (see list above) [19, 20] . CD8 þ CD28 À T cells regularly accompany the aging process, whereas CD4 þ CD28 À T cells are typically present at lower frequencies.
These T-cell populations are oligoclonal; CD4 þ CD28 À T cells are relatively apoptosis resistant, whereas CD8 þ CD28 À T cells are more likely to die, at least in vitro. CD28 À T cells are high producers for interferon-g (IFN-g), display cytotoxic functions and accumulate in inflammatory lesions [21] [22] [23] [24] [25] [26] . CD8 þ CD28 À T cells, and less so CD4 þ CD28 À T cells, are expanded in individuals chronically infected with CMV [27] . A remarkable finding is that the expansion of CMV-specific T cells leads to oligoclonal populations that comprise a large fraction of the T-cell repertoire. How the human host retains sufficient T-cell diversity to respond to immune challenges in light of this overwhelming representation of CMV-reactive T cells remains unresolved. Data connecting CMV carrier status with survival and susceptibility to comorbidities of aging have been controversial [28,29 & , 30,31 & ], ranging from the claim that CMV infection ages the immune system to the concept that age-dependent decline in immune competence encourages CMV reactivation and reinfection. The sheer size of the T-cell compartment reactive against individual CMV-derived antigens, which can now be quantified by tetramer technology and often reaches 1-5% of peripheral T cells for single peptides, has supported the idea of 'memory expansion', meaning that the entire T-cell memory compartment grows in size as humans age and carry chronic CMV infection. A recent study [32] exploring the avidity of CMV-specific CD8 þ T cells has demonstrated that CD8 þ effector memory cells reexpressing CD45RA typically have low avidity and appear to expand mostly in response to antigen-nonspecific cytokine stimulation. These data question memory expansion as the lead process skewing the T-cell repertoire and refocus attention to the proinflammatory cytokine milieu in the aging host.
THE SENESCENCE-ASSOCIATED SECRETORY PHENOTYPE
Aging inevitably is associated with the accumulation of DNA mutations and thus fosters malignancy. The risk for aging-associated outgrowth of cancerous cells is curbed through the cellular senescence program, which forces cells that have undergone repetitive replications into permanent cell cycle arrest [33] . Although senescent cells slow down or totally arrest their replication, they remain functionally highly active. This process has been named senescence-associated secretory phenotype . Senescence-associated secretory phenotype (SASP) and tissue damage. Cells that enter the senescence program slow the cell cycle progression and eventually stop proliferating. However, proliferative arrest is not associated with functional silence. Rather, senescent cells acquire the SASP characterized by the secretion of proteins, such as cytokines, through which they regulate the neighboring cells and tissues. SASP proteins typically elicit an inflammatory response. Cells and tissue structures potentially exposed to senescent T cells are shown.
(SASP) and in essence describes a critical role of old and end-differentiated cells in imposing an inflammatory milieu [34, 35] (see list above; Fig. 1 ). Products secreted by the senescent cells have been implicated in tissue repair, but are mostly active in damaging aging tissue sites through sustaining a persistent inflammatory reaction. It is tempting to implicate SASP in the tissue-injurious immune responses that characterize RA, especially as SASP may support loss and gain of tissue, such as the hyperplastic responses of the synovial pannus formation. Formal proof that SASP contributes to the tissue lesion in the RA joint is lacking, but SASPsustained abnormalities need to be considered as pathogenic mechanisms in autoimmune disease. The dual-sided function of SASP has been emphasized by the recent data showing that IFN-g and TNF-a, two classical proinflammatory cytokines that are released by the senescent T cells, drive cancerous cells into senescence and thus are ultimately host-protective [36 & ]. Although long known for its antipathogen functions, this work broadens the critical role of IFN-g, even when released in an antigen-nonspecific fashion. Therapeutic efforts aiming to eliminate aging T cells need to keep in mind that tissue inflammation is only one of their functions and that protection from cancer is critical in securing survival. The dual function of T cells in promoting host protection and tissue damage also holds for IL-17-producing TH17 cells, which have recently been characterized as terminally differentiated memory T cells, distinct from both central memory T cells and exhausted T cells. Human TH17 cells were shown to have a high potential for selfrenewal, potent persistence, apoptotic resistance in vivo and plasticity to convert into other cell types. Their typifying gene signature included hypoxiainducible factor1a and NOTCH, which collaboratively regulate the expression of survival genes [37] . TH1 and TH17 cells have been identified as key drivers of the pathogenic immunity in RA [38, 39] .
REWIRING OF THE OLD T CELL
In humans older than 50 years of age, both naive and memory T cells undergo considerable changes in trafficking, response to stimulation, growth behavior, cytokine production and interaction with other cells in the immune system (see list above) [6 & ]. On the basis of the phenotype and function, senescent T cells must not be confused with exhausted T cells induced by prolonged antigen stimulation [40] [41] [42] . The phenotypic signature of exhausted T cells includes TIM-3, PD-1 and LAG-3, whereas human senescent cells express KLRG1, ILT2 and varying members of the KIR family. Thus, T-cell aging is not simply a reflection of chronic antigenic activation.
Variably, the tumor suppressor gene p16(INK4a) has been implicated in mediating the senescence program. Deletion of p16(INK4a) in T cells has been effective in counteracting several aging phenotypes, such as thymic involution, decreased release of naive T cells, and attenuation of antigen-specific immune responses. Conversely, somatic ablation of p16(INK4a) in B cells has cancer-promoting effects, emphasizing the importance of cell specificity in the aging process [43] . Increased expression of p16(INK4a) in T cells of HIV-infected individuals and an inverse relationship between p16(INKp4a) expression and therapy-induced CD4 T cells recovery has suggested a possible role of this senescence-associated gene as a biomarker of T-cell aging [44] . A search for additional markers of T-cell aging in individuals with HIV infection has identified adenosine deaminase (ADA), glucose uptake receptor 1 (GLUT1) and leucine-rich repeat neuronal 3 (LRRN3) as the most robust predictors of CD8 T-cell senescence [45] . This profile of senescence-related markers predicts that purinergic responses and metabolic activities are distinct in old T cells.
Gene expression studies [46] [47] [48] have yielded valuable insights into the functional abnormalities of aged T cells that may be helpful in delineating why aged T cells fail to promote protective immunity and are skewed toward SASP. The balance between kinases and phosphatases is shifted toward activation-reducing phosphatase activity. Specifically, CD4 T cells from elderly donors suffer from signaling inhibition because of overexpression of the nuclear dual-specific phosphatase 4 (DUSP4) [49 & ], impairing T-cell-dependent B-cell responses. Similarly, overexpression of cytoplasmic DUSP6 has been implicated in the functional decline of aging CD4 T cells, making a connection between abnormalities in cytoplasmic signaling pathways and agedependent competence of CD4 T cells [50 && ]. Specifically, dampened T-cell receptor-induced ERK signaling could be attributed to overactivity of DUSP6, which, in turn, increased because of failing repression by miR-181a in aging T cells. CD4 T cells from RA patients are characterized by dysregulated signaling cascades, shifting their threshold to activating signals and possibly removing them from protective tolerance mechanisms [51 && ]. How abnormalities in signaling pathways, some of which appear to be a consequence of the cellular aging process, are connected to the breakdown of tolerance and the tissue-injurious immunity in RA need further studies [52, 53] .
T-CELL AGING IN RHEUMATOID ARTHRITIS
Patients with RA have a signature of premature immune aging (see list below). In essence, the T-cell repertoire in RA is characterized by the accumulation of terminal-stage effector T cells, typically identified by CD28 loss, telomeric shortening, lack of telomerase activity, and restriction in clonal proliferation capacity [54] [55] [56] [57] . The biologic impact of such T cells remains controversial, but their presence in the elderly has been associated with a decline in functionality, reduced vaccine responses, and increased risk of infection, neurocognitive problems and cardiovascular disease. Interestingly, a similar signature of accelerated immune aging is now recognized in individuals with chronic HIV infection [58 && ]. There is an emerging consensus in the scientific community that HIV infection hastens the process of aging and that illnesses that appear typically in the elderly are highly frequent among HIV-infected individuals, even in those with therapy-induced suppression of the virus below detection limits [59, 60] . The magnitude of the problem is substantial. It has been estimated that a 20-year-old adult initiating antiretroviral therapy may already have lost one-third of the remaining life-expectancy [61] . On the basis of the loss in telomeric sequence reserve, RA patients age about 25-30 years faster than non-RA controls. A side-byside comparison of HIV infection and RA demonstrates a surprising degree of similarities between both conditions (Table 1) . Despite such similarities, important discrepancies remain; it is far from understood whether the accelerated aging process in RA and HIV is mechanistically identical to what happens with normal aging or whether the stressors that lead to premature decline in immunocompetence are fundamentally different. A common denominator of physiologic aging, RA and HIV infection is the co-occurrence of immune deficiency, smoldering inflammation and tissue degeneration.
A substantial step forward has derived from the recognition that senescent cells are in essence pro-inflammatory cells through the release of SASP proteins, which function in an autocrine, paracrine and juxtacrine fashion (Fig. 1) . Understanding how immune aging and persistent inflammation are causally related could provide valuable insights for diverse areas of medicine. T-cell aging in RA has the following characteristics:
(1) Premature loss of telomeres in naive CD4 T cells. 
DNA DAMAGE-INDUCED IMMUNOSENESCENCE IN RHEUMATOID ARTHRITIS
Molecular mechanisms causing immune aging in RA are not entirely clarified, but recent studies [62, 63] have shed some light on the abnormal genetic and biochemical pathways relevant in T-cell senescence (Fig. 2) . Chronic antigenic stimulation could be a simple explanation for the preaged phenotype of RA T cells. However, ongoing recognition of autoantigens should eventually lead to exhaustion and clonal deletion. This seems not to be the case. Also, the signifying abnormalities in RA T cells, including the premature loss of telomeres, have been extended to CD34 þ hematopoietic progenitor cells, separating antigen recognition and cellular aging [64, 65] . A similar dilemma exists in HIV infection, in which complete viral suppression fails to protect the host from immunosenescence. The co-occurrence of deficient immunity and prematurity of age-related morbidities extends to the progeroid syndromes, in which affected individuals begin aging during the second decade of life [66] [67] [68] . Such progeroid syndromes have provided important clues as to the causative abnormalities underlying the immunosenescence process [69] . Replicative stress inevitably leads to loss of telomeric sequences as DNA replication is inefficient at the chromosomal ends. It is estimated that each cell cycle shortens the telomeres by about 50 bp. Human T cells lose about 2000 bp between the ages of 20 and 70 years, equivalent to about 40 division cycles. It is also estimated that naive T cells expand by 30-40 population doublings during priming alone [14] . To extend their telomeric reserve, T cells are able to upregulate the activity of telomerase. This compensatory mechanism is defective in RA T cells [14, 53] . Insufficient telomeric repair has also been reported for HIV T cells because of the abnormalities in the telomeric protection complex of the shelterin proteins, thereby leaving chromosomal ends exposed [70 & ].
Cells recognize telomeres that become critically short or have structural defects through their DNA damage-sensing machinery [71] . Breaks or chemical alterations of the DNA endanger the cells as they may give rise to mutations and eventually malignant cell growth. Accordingly, cells possess highly effective machineries to recognize and repair DNA damage. DNA lesions resulting from genotoxic events recruit DNA damage-sensing proteins that subsequently mobilize the signaling pathways to repair breaks and exchange chemically altered bases. Of note, many of the progeroid syndromes are nuclear instability syndromes, caused by the genetic mutations in DNA repair molecules. One of the aging syndromes, ataxia telangiectasia, results from a genetic defect in the DNA damage-sensing kinase ATM [72, 73] . Children with ataxia telangiectasia develop premature immune aging early in life, have frequent infections, are radiosensitive and have a high risk of lymphoma development. Patients with RA have ATM-deficient T cells which accumulate DNA breaks and fail to efficiently repair radiationinduced DNA lesions [74] . Forced overexpression of ATM rescues the abnormal phenotype of the RA T cells. Elevated tail length measurements in comet assays of RA cells have been reported in patients with active and inactive disease, suggesting that a complicated relationship exists between the inflammatory milieu and the DNA repair defect [75] . Leakiness in DNA damage repair exposes RA T cells to genomic stress. Faced with an increased number of DNA breaks, RA T cells upregulate the activity of the DNA repair enzyme DNA-PKcs [76] . Chronic repair activity imposes cellular stress through the DNA-PKcs-JNK axis, possibly skewing the functionality of T cells and biasing them toward excessive inflammatory activity.
CONCLUSION
As a system of long-lived cells that are under high proliferative demand, the adaptive immune system is prone to undergo age-related degeneration. The process of immunosenescence leads to declining protective immunity combined with excessive inflammatory activity. Prematurity of the immune aging process has been described in RA, in chronic HIV infection and in the progeroid syndromes, all of which are characterized by the early development of age-associated comorbidities, such as cardiovascular disease and metabolic syndrome. Mechanisms underlying T-cell aging are beginning to be understood and encompass contraction of T-cell diversity because of uneven clonal expansion, rewiring of the T-cell signaling apparatus favoring phosphatase activity and defects in DNA damage and telomere repair. Molecules of interest include telomerase, DUSP4, DUSP6, mi-R181a, ATM and DNA-PKcs. Recent studies [77 && ] have identified a deficiency of the glycolytic enzyme phosphofructokinase-2 in RA T cells, causing metabolic rewiring and reduced intracellular energy generation. Understanding the connections between T-cell aging, cellular metabolism, immunodeficiency, unopposed inflammation and tissue damage in RA promises to be a rich field of discovery.
